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Abstract
The efficiency of 99Mo nuclei trapping by clinoptilolite particles using Monte Carlo simulation
was studied. The simulation showed the carrier particle traps almost all of the incident 99Mo
nuclei for the photon energies 12-18 MeV. The ratio of the 99Mo nuclei reaching the carrier to the
total number of 99Mo nuclei escaping the nanoparticle is below 1.5% in for the photon energies 12-
18 MeV. High specific activity of produced 99Mo nuclide requires optimization of the clinoptilolite
carrier particles concentration in the suspension.
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I. INTRODUCTION
The isotope 99Mo plays prominent role in the nuclear medicine. β− decay of 99Mo gen-
erates 99mTc nuclide which is the primary radionuclide used in single photon emission com-
puted tomography (SPECT). The growing market demands inspire the permanent interest
to the development of safe and efficient methods for 99Mo nuclide production.
Modern commercial production of 99Mo nuclide uses nuclear research reactors, where
99Mo is generated as a fission product of 235U isotope. Recently, the issues related to non-
proliferation and environmental protection gave rise to the accelerator based methods of
99Mo nuclide production [1–4]. However, despite the remarkable progress of this technology
two main problems remain unsolved: low specific activity of the produced nuclide and high
heat loads of the irradiated target.
Low specific activity of 99Mo produced using accelerators is a consequence of the low cross
section of the corresponding nuclear reaction. Table I shows that cross sections of nuclear
reactions used for 99Mo accelerator-based production are two orders of magnitude lower than
effective cross section of 235U fission. Thus, higher specific activity could be achieved either
by extended irradiation time or by higher fluence through the irradiated target. However,
99Mo half-life of approximately 66 hours limits the irradiation time and high heat loads of
the production target impose constraints on the incident particles fluence.
Another problem connected with accelerator based production of 99Mo is extraction pro-
cess that requires complete dissolution of the irradiated target. Low specific activity of
the produced molybdenum leads to the high production expenses, as target recycling is
impossible and a considerable amount of wastes is produced.
High specific activity of the produced molybdenum could be achieved using the kinematic
recoil method [2, 5]. This method uses trapping of the recoil molybdenum nuclei escaping the
target by the small-sized carrier particles. The possible implementation of this approach is
a liquid target containing suspension of molybdenum nanoparticles and clinoptilolite carrier
particles [10]. In this case recoil molybdenum nuclei are trapped by the 100-200 nm sized
carrier particles. After the irradiation carrier particles containing 99Mo are filtered out from
the suspension and target can be reused with the new portion of carrier particles.
In the previous paper [11] 99Mo production method using 100Mo(γ,n)99Mo photonuclear
reaction and simulated process of recoil nuclei transport in the molybdenum nanoparticle was
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Table I. Cross sections of the 99Mo producing reactions.
Reaction Projectile energy Cross section, barn Ref.
Reactor production
235U(n,f)99Mo 0.025 eV 582 (99Mo yield ≈6%) [6, 7]
98Mo(n,γ)99Mo 0.025 eV 0.13 [8]
Accelerator production
100Mo(γ,n) 99Mo 16 MeV 0.16 [9]
100Mo(p,pn)99Mo 35 MeV 0.16 [10]
100Mo(p,2n) 99mTc 14 MeV 0.24 [10]
considered. The subject of the present study was the process of recoil molybdenum nuclei
trapping by the carrier particle. The process of recoil nuclei transport inside the mother
nanoparticle, the ambient liquid and carrier particle was simulated in order to estimate the
trapping efficiency for various energies of the incident photons. Transport simulations were
performed using Geant4 simulation toolkit [12, 13], while for the reasons of computational
efficiency the energy spectra of photonuclear reaction were calculated using nuclear reaction
code TALYS [14].
II. METHODS
A. Simulation of the photonuclear reaction
The energy spectrum of the 100Mo(γ,n)99Mo reaction defines initial kinetic energy of the
recoil 99Mo nucleus, and consequently, its mean free path in mother nanoparticle, surround-
ing liquid and carrier particle. The cross section of this reaction has the broad peak around
14 MeV due to the Giant Dipole Resonance (GDR) effect (Figure 1). The GDR peak defines
the energy interval of incident photons for efficient production of 99Mo from 12 to 18 MeV.
For such photon energies energy spectra of outgoing neutrons and 99Mo recoil nuclei are
described with sufficient accuracy by the evaporation model [15]. Geant4 toolkit implemen-
tation of this model for the Monte Carlo calculations uses the approach described in the
work [16].
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Figure 1. Cross section of the 100Mo(γ,n)99Mo reaction (data taken from [10]).
Small cross section of photon-nucleus interaction makes direct simulation of the pho-
tonuclear reaction in the single molybdenum nanoparticle rather inefficient. This problem
has several possible solutions. For example, non-analog Monte Carlo simulation uses arti-
ficially increased photonuclear reaction cross section or interaction probability [7]. In this
paper another approach was used: the spectrum of the photonuclear reaction was calcu-
lated beforehand using nuclear reaction code TALYS 1.8 [14] and then used for Monte Carlo
simulations of the recoil nuclei transport. TALYS is software package for simulation of the
nuclear reaction in the wide energy range. It contains reliable models for the various types
of nuclear reactions including photonuclear.
Figure 2 shows the calculated 99Mo recoil nuclei spectrum for 16 MeV incident photons.
The recoil spectrum has pronounced peak around 20 keV and rather long high-energy tail
up to recoil nuclei energies of about 80 keV. Position of the peak depends on the excitation
energy of the compound nucleus created after the photon capturing, and shifts to the higher
energies as the energy of the incident photon increases. The calculated spectrum shows that
the major fraction of 99Mo recoil nuclei has the energies from 10 to 40 keV. This energy
region defines the effective range of the recoil nucleus in the ambient liquid and in the carrier
particles.
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Figure 2. Calculated spectrum of 99Mo recoil nuclei for 16 MeV incident photons (TALYS 1.8).
B. Simulation of the recoil nuclei transport
For the simulation of 99Mo recoil nuclei transport Geant4 toolkit [12, 13] version 10.2.03
was used. This freely distributed simulation toolkit is developed and maintained by the
Geant4 Collaboration. Geant4 is a software framework for Monte Carlo simulations for high
energy physics applications. It is comprised of numerous C++ classes describing various
aspects of particle transport: particles descriptions, media properties, models of physical
processes, problem geometry, and etc. The open modular architecture of the framework
simplifies addition of the new models of physical processes.
The simulation setup for 99Mo nuclei trapping included 40 nm sized nanoparticle and
160 nm carrier particle immersed in the ethylene glycol at the distance of several tens
of nanometers from each other. As nanoparticle materials pure 100Mo and molybdenum
oxide (MoO3) were considered.
100Mo is the preferred material because of a relatively small
number of accompanying molybdenum nuclei produced [11], however it is rather expensive.
Molybdenum oxide MoO3 provides the cheaper alternative. It has the lower density which
favors escaping of the recoil 99Mo nuclei, but at the same time large amount of accompanying
molybdenum isotopes (92Mo, 93Mo, 94Mo, 95Mo, 96Mo, 97Mo, 98Mo, 100Mo) are produced.
The carrier particle material was clinoptilolite, which is a natural zeolite with chemical
formula (Na,K,Ca)2−3Al3(Al,Si)2Si13O36 · 12H2O.
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Despite the simple geometry of the model it imposes essential restrictions on the ap-
plicable models of physical processes. Namely, as the range of the recoil 99Mo nucleus in
molybdenum is about 5-10 nm [2] only a small number collisions occur along the recoil nuclei
path. Thus high precision model is required for simulation of recoil nucleus elastic scattering
to obtain the physically consistent results.
For actual simulation accurate model for elastic ion scattering developed by Mendenhall
and Weller [17] was used. This model implements the classical description of the ions
elastic scattering on the screened Coulomb potential. Benchmark calculations presented in
[17] showed the reasonable agreement of this model with experimental data for α-particles
scattering on 100 nm-thick foils, and for simulation of boron implantation.
Geant4 package contains G4ScreenedNuclearRecoil class that implements single scatter-
ing algorithm [17]. For the simulation the constructor of the corresponding class was added
to the standard Geant4 physical list used for the simulation of electromagnetic processes.
This list contains models for Compton scattering, photoelectric effect and pair production.
For the reasons of computational efficiency hadronic interactions were completely omitted
because of their low probability for the recoil nuclei with energies of several tens of kilovolts.
III. RESULTS AND DISCUSSIONS
The first quantity calculated was the average range of the escaped 99Mo nuclei in ethylene
glycol. This value defines the characteristic distance between nanoparticle and carrier for
recoil nuclei trapping. However, average range corresponds to the center of the recoil nuclei
path lengths distribution. If one considers the number of nuclei capable to reach the carrier,
the median of this distribution is more suitable parameter as it establishes the distance that
more than a half of escaped particles surpass.
For the calculations of range and median the simple model consisted of the spherical 40 nm
nanoparticle immersed in the ethylene glycol was used. The spectra of the recoil nuclei were
calculated using TALYS 1.8 code and then were used in subsequent Monte Carlo simulation
using Geant4. Figure 3 shows the average range and median of the 99Mo recoil nuclei path
lengths distribution. It follows that for the photons with energies in GDR region (12-18 MeV)
the median of the path length distribution is about 30-40 nanometers. This value defines
the distance between nanoparticle and carrier for efficient trapping of the recoil nuclei. The
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Figure 3. 99Mo recoil nuclei path length distribution: average range and median.
smaller distances favor recoils trapping; however distances between molybdenum particles
and carrier particles below 10 nm are achievable only for very concentrated suspension. In
this case a large number of the escaping nuclei are trapped by the neighbor molybdenum
nanoparticles and the number of 99Mo nuclei trapped by the carrier particles decreases.
For the higher energies median of the path length distribution exceeds the 100 nm value.
However, high-energy photons constitute only a small fraction of bremsstrahlung spectrum
used for photonuclear production of 99Mo [11] and cross section of photonuclear reaction at
such energies is small (see Figure 1). Thus, only a small number of high-energy recoil nuclei
is actually produced.
Calculations of the average range and median were used to define the appropriate interval
of the interparticle distances for simulation of recoil nuclei trapping. Hereafter term inter-
particle distance means the distance between the surfaces of molybdenum nanoparticle and
carrier particle. For the simulation three values of interparticle distances were chosen: 20, 40
and 60 nm. Figure 4 shows the corresponding Geant4 model containing 40 nm nanoparticle
(yellow) and 160 nm carrier particle (gray).
From Figures 5a and 6a it follows that fraction of the recoil 99Mo nuclei that reaches
100Mo (Figure 5a) and MoO3 (Figure 5b) carrier particles for incident photons with energies
in GDR region is about 0.5-1.5%, and only for high energy photons exceeds the value of 10%.
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Figure 4. Geant4 model used for simulation of 99Mo trapping in the carrier particles.
Figures 5b and 6b show that almost all these nuclei are trapped by the carrier particle. Thus,
the resulting fraction of the initial recoil nuclei trapped by the carrier is below 1.5%. The
slightly lower trapping ratio for MoO3 nanoparticles is attributed to the lower density of the
molybdenum oxide (4.69 g/cm3) compared to pure 100Mo (10.32 g/cm3).
From our previous calculations (see [11] and Figure 8 herein) it follows that for photons
with energies in the GDR region the escape ratio of the 99Mo recoils is 10-40% for 100Mo
and 18-60% for MoO3. Considerably low fraction of the trapped recoil nuclei obtained in
this work results from two main factors: noticeable stopping power of the recoil nuclei in
ethylene glycol and model geometry.
The influence of the first factor could be easily understood using the Figure 3 showing
that for 16 MeV photons the median of path length distribution is about 40 nm. Thus, the
8
10 15 20 25 30
Photon energy (MeV)
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1
F
ra
ct
io
n
(r
ea
ch
ed
)
20nm
40nm
60nm
a)
10 15 20 25 30
Photon energy (MeV)
0.85
0.9
0.95
1
F
ra
ct
io
n
(t
ra
p
p
ed
)
20nm
40nm
60nm
b)
Figure 5. Fraction of the 99Mo recoil nuclei reached the carried (a) and trapped (b) for 100Mo.
number of recoil nuclei capable to reach the carrier particle is halved as a result of slowing
down in the nanoparticle material and liquid media.
The geometry factor limits constrains the possible velocity directions recoil nuclei escaping
from nanoparticle to those close to the direction from nanoparticle to carrier particle. The
elementary geometrical considerations give the value of the corresponding solid angle of
0.83, or 6.6% of the full 4pi solid angle for 40 nm interparticle distance. Combining this with
30-40% loss of the initial recoil nuclei in the nanoparticle and 50% loss along the path to the
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Figure 6. Fraction of the 99Mo recoil nuclei reached the carried (a) and trapped (b) for MoO3.
carrier particle one comes to the crude estimation of fraction of 99Mo that reaches carrier of
1.0-1.5%. This value is close to the results of Monte Carlo simulation (see Figures 5 and 6).
The above considerations show that amount of the collected 99Mo nuclei could be in-
creased if each carrier particle neighbors the several molybdenum nanoparticles placed at
20-40 nm distance. In fact, obtaining the carrier particles with the high specific activity
of 99Mo requires optimal concentrations of molybdenum nanoparticles and carrier particles.
However, formal solution of this optimization problem is highly complicated and further
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experimental studies are required to evaluate the optimum concentrations.
IV. CONCLUSIONS
Monte Carlo simulations of the 99Mo radioisotope production process using molybdenum
nanoparticles and clinoptilolite carrier particles for trapping the recoil molybdenum nuclei
were performed. The calculations showed that single carrier particle collects only 1-1.5% of
the recoil 99Mo nuclei. The low value of the trapping ratio appears to be due to geometrical
reasons and could be increased by using higher concentration of the carrier particles. How-
ever, this requires additional studies to find out the optimal concentration of the carriers for
efficient trapping of the produced 99Mo nuclei.
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